Abstract: Nine field studies were conducted during 2011 to 2013 in Ontario to determine the effect of flumioxazin residues on winter wheat. For early-and mid-fall applied flumioxazin, there was no impact of the interval, 1, 2 or 4 weeks pre-plant (WPP), between flumioxazin application and winter wheat planting on injury, plant height, and yield. Injury was low, ranging from 0% to 4%, and was generally higher when flumioxazin was applied at 142.8 g ai ha −1 compared with 35.7 or 71.4 g ai ha −1 . For late-fall applications, there was greater injury in the fall when flumioxazin was applied 2 WPP vs. 1 WPP. When combined over flumioxazin rates, winter wheat injury was 16% to 24% and 0% to 3% at 2 and 1 WPP, respectively. Injury increased when the rate increased from 35.7 to 142.8 g ai ha −1 . Flumioxazin applied at 142.8 g ai ha −1 caused 1%, 5%, and 6% injury when applied 1 WPP and 32%, 53%, and 37% injury when applied 2 WPP at 1, 2, and 3 weeks after emergence in winter wheat, respectively. In all studies, flumioxazin applied at 35.7, 71.4 or 142.8 g ai ha −1 applied at various application timings caused no adverse effect on winter wheat height and yield.
Introduction
Dry bean (Phaseolus vulgaris L.), winter wheat (Triticum aestivum L.), soybean (Glycine max L.), and corn (Zea mays L.) are frequently grown in rotation in southwestern Ontario. Dry bean, a short season crop that matures in 80-100 d, is an ideal crop to grow prior to planting winter wheat (Miller 2009 ). Uniformity of seed maturity and weed desiccation at harvest time is important in dry bean production, as the presence of weeds and (or) high seed moisture content at harvest time can result in bean staining and interfere with harvest operations (Wilson and Smith 2002) . Seed maturity is achieved when approximately 80% of pods have turned from green to golden in colour but this is not always consistent due to variation within the field (Smith 1996; Wilson and Smith 2002) . To help reduce variation in dry bean maturity and desiccate weeds that can potentially stain beans and interfere with harvest operations, growers often use a harvest-aid (desiccant) to desiccate weeds and dry-down the crop. Ideal desiccants should provide a uniform and gradual dry-down of the crop and rapidly desiccate weed foliage in the field. Additionally, it should control emerged winter annual, biennial, and perennial weeds, and control bean regrowth. Desiccant chemistry and application timing is critical as it may cause crop yield losses and leave unacceptable herbicide residues in the seed.
Flumioxazin is a new N-phenylphthalimide herbicide recently registered for use as a desiccant in certain market classes of dry bean. Flumioxazin in susceptible plants inhibits the activity of protoporphyrinogen oxidase (Protox) with both soil and foliar activity (Hartzler 2004; Price et al. 2004) . Flumioxazin provides control of many common weed escapes that may occur at harvest time in dry bean production in Ontario including common ragweed (Ambrosia artemesiifolia L.), redwood pigweed (Amaranthus retroflexus L.), common lambsquarters (Chenopodium album L.), velvetleaf (Abutilon theophrasti Medicus), common waterhemp (Amaranthus rudis L.), smartweed (Polygonum pensylvanicum L.), and eastern black nightshade (Solanum ptycanthum Dun. ex DC. pp.) (Niekamp 1998; Valent 1998; Taylor-Lovell et al. 2002; OMAFRA 2014) . Flumioxazin is primarily absorbed by the roots of treated plants but has limited movement within the phloem as it causes rapid desiccation of susceptible plants. Susceptible plants become necrotic within a few hours and complete death and foliar desiccation occurs within a few days. Flumioxazin persistence in soil is dependent on environmental conditions (Valent 1998; Shaner 2014) . Flumioxazin is relatively short-lived in the soil and degrades rapidly in water and soil, mainly through hydrolysis and microbial oxidation (Ferrell and Vencill 2003) . Flumioxazin has a half-life of 1 d at a pH of 7.0 and 4.2 d at a pH of 5.0 (Ferrell and Vencill 2003; Shaner 2014) . Residual activity of up to 100 d has been reported under some environmental conditions (Shaner 2014) .
Recent studies with flumioxazin have shown that it (i) provides rapid and uniform desiccation of dry beans, (ii) results in minimal herbicide residues in the seed at harvest, (iii) provides excellent control of emerged weeds, (iv) has low environmental impact, and (v) does not adversely affect dry bean seed quality, yield and net returns (Soltani et al. 2013; McNaughton et al. 2015) . Additionally, flumioxazin is not a restricted use product and is effective under cooler environmental conditions in the fall.
Flumioxazin is currently being used by growers in Ontario as a desiccant in dry bean production. Winter wheat is frequently planted immediately following dry bean harvest in Ontario. Residual activity of herbicides used as desiccants in dry bean production on winter wheat establishment, injury, and yield needs to be considered. To our knowledge, there is no published study that addresses the effect of flumioxazin residues in the soil from use as a dry bean desiccant on winter wheat planted a few weeks after application in Ontario. More information is required on the effect of flumioxazin residues on winter wheat so that recommendations to growers can be improved. Therefore, the objective of this study was to determine the impact of flumioxazin applied to early-, mid-, and late-maturing dry beans on winter wheat injury, height, and yield.
Materials and Methods
Field trials (nine in total) were conducted in 2011 to 2013 (one each year for early-and mid-fall studies) and 2012 to 2013 (one in 2012 and two in 2013 for late-fall studies) at Exeter, Ontario. The experimental design at all site-years was a randomized complete block with four replications. In early-fall trials, flumioxazin treatments (0, 35.7, 71.4, and 142.8 g ai ha −1 ) were sprayed from the end of August to early September or 4, 2, or 1 weeks pre-plant (WPP) to winter wheat, which was planted on the same day for all treatments. In mid-fall trials, flumioxazin treatments were sprayed mid-September and winter wheat was planted 1, 2 or 4 wk after application. In late-fall trials, flumioxazin treatments were sprayed in late October and winter wheat was planted 1 or 2 wk after application. A non-treated check was included for comparison in all studies. Plots were 2 m wide and 10 m long. Pioneer '25R47', a commonly grown soft, red winter wheat cultivar in Ontario, was seeded in rows spaced 18 cm apart. At all locations, winter wheat was planted 3 cm deep at a rate of 150 kg ha −1 using a double disk planter.
Treatments were applied with a CO 2 -pressurized back-pack sprayer equipped with Hypro ULD120-02 nozzle tips (Hypro, New Brighton, MN) calibrated to deliver 200 L ha −1 of water at 200 kPa. Herbicide applications were made with a 1.5 m boom with four nozzles spaced 50 cm apart. For each trial, estimate of crop injury was evaluated on a scale of 0% to 100% at 1, 2, 3, and 4 weeks after emergence (WAE) and near the first of May, June, and July of the following year. A rating of 0 was defined as no visible injury and a rating of 100 was defined as total necrosis of the crop. Winter wheat height was measured just prior to harvest. Winter wheat was harvested in late July to early August in each year. Yields were adjusted to 14.5% seed moisture content.
All data were analyzed using PROC MIXED in SAS 9.2 (SAS 2014). Data were analyzed separately for early-, mid-and late-fall studies. For early studies, the fixed effect was herbicide treatment and random effects included year-location combinations (environment), interactions between environment and the fixed effects, and replicate nested within environment. For mid-and late-fall sprayed studies, data were analyzed as a 2-way factorial. Fixed effects included the two treatment factors, interval between spraying and planting and herbicide rate, as well as their interaction; random effects included year-location combinations (environment), interactions between environment and the fixed effects, and replicate nested within environment.
For all studies, significance of fixed effects were tested using F-tests and random effects were tested using a Z-test of the variance estimate. The UNIVARIATE procedure was used to test data for normality and homogeneity of variance. To satisfy the assumptions of the variance analyses, all injury ratings were arcsine square root transformed and moisture content at harvest was log-transformed. For all injury ratings, the untreated check (assigned a value of zero) was excluded from the analysis. However, all values were compared independently to zero to evaluate treatment differences with the untreated check. Wheat height and yield were converted to a percent of the untreated check. Treatment comparisons were made using Fisher's Protected LSD at a level of P < 0.05 and any data compared on the transformed scale were converted back to the original scale for presentation of results.
Results and Discussion
Statistical analysis indicated that environment by treatment interaction was not significant, therefore, all environments were analyzed together for each study. Crop injury symptoms from flumioxazin included reduced growth (stunting) and leaf discoloration. Seed moisture content for early-, mid-, and late-fall treated winter wheat studies ranged from 13.2% to 13.6% and was not significant for any treatments or environments (data not shown).
Early-fall application
Generally, at 1, 2, 3, and 4 WAE in the fall there was increasing visible injury in winter wheat when the rate of flumioxazin increased from 35.7 to 71.4 to 142.8 g ai ha −1 , although the level of injury was low, ranging from 0% to 3.5% for all application timings (Table 1) . Injury was higher when flumioxazin was applied at 142.8 g ai ha −1 compared with lower rates. There was little influence of pre-plant interval on winter wheat injury. There was no effect of flumioxazin residues for all application timings (1, 2, and 4 WPP) on winter wheat visible crop injury evaluated near the first of May, June, and July of the following growing season. Additionally, flumioxazin at 35.7, 71.4 or 142.8 g ai ha −1 applied 1, 2, and 4 WPP caused no adverse effect on winter wheat height and yield (Table 1) . The low level of injury and no impact on winter wheat height, maturity, and yield observed in this study is similar to other studies that have shown no visible injury or yield reduction in winter wheat seeded into dry bean plots treated with flumioxazin (71 and 107 g ha −1 ) and other dry bean desiccants such glyphosate (0.84 kg ae ha −1 ) and paraquat (0.56 kg ha − ) (Sprague and Powell 2013) . However, studies with other protox inhibitor herbicides such as sulfentrazone applied in the spring have been shown to cause as much as 55% injury in winter wheat (Brandenberger et al. 2007 ). Other studies with residual herbicides such as pendimethalin applied to dry bean in the spring have been shown to cause 1%-9% winter wheat injury 1 and 4 WAE in the fall and on approximately the first of May, June, and July of the following year with no adverse effect on winter wheat yield (Soltani et al. 2015) .
Mid-fall application
There was no difference between application/ pre-plant interval (1, 2, and 4 WPP) on their effect on winter wheat visible injury, plant height, and yield (Table 2) . Flumioxazin generally caused greater injury at 142.8 g ai ha −1 compared with when applied at 35.7 or 71.4 g ai ha −1 , although results were not statistically significant except at 2 WAE (Table 2) . Additionally, flumioxazin at rates evaluated applied 1, 2, and 4 WPP caused no adverse effect on winter wheat height and yield (Table 2) . Results are similar to those seen in 
Note: Values with lowercased letters within a column are not significantly different according to Fisher's Protected LSD at P < 0.05. Means for a main effect were separated only if there was no significant interaction involving that main effect. Significance at P < 0.05 and P < 0.01 levels denoted by * and **, respectively.
a Abbreviations: I, spray interval; NS, not significant at P = 0.05 level; R, flumioxazin rate; WAE, weeks after crop emergence; WPP, weeks before planting. Note: Values with lowercased letters within a column are not significantly different according to Fisher's Protected LSD at P < 0.05. Means for a main effect were separated only if there was no significant interaction involving that main effect. Significance at P < 0.05 and P < 0.01 levels denoted by * and **, respectively.
a Abbreviations: I, spray interval; NS, not significant at P = 0.05 level; R, flumioxazin rate; WAE, weeks after crop emergence; WPP, weeks before planting. Michigan where winter wheat planted 1 and 2 wk after flumioxazin application in mid-September caused no visible injury or yield reduction in winter wheat during 2009 and 2010 (Sprague and Powell 2013) . Studies with other protox inhibitor herbicides such as fomesafen caused no injury on winter wheat 'Stephens' and spring wheat 'Alturas' planted 179 and 293 d after fomesafen application (Felix and Ishida 2012) . Miller (2009) found that pendimethalin applied at 1200 g ai ha −1 to pea in the spring had no significant effect on winter wheat height in the following year at harvest time. Other dinitroaniline herbicides such as trifluralin were also shown to have no significant effect on winter wheat height or yield when applied in the previous year to peas (Miller 2009 ).
Late-fall application
There was higher injury in the fall (late October) when flumioxazin was applied 2 WPP compared with when applied at 1 WPP (Tables 3 and 4) . When combined over flumioxazin rates, winter wheat injury ranged from 16% to 31% and 0.3% to 3% at 2 and 1 WPP, respectively (Table 3) . Winter wheat injury in the fall increased with increasing rates of flumioxazin. Flumioxazin applied 1 WPP at 35.7 g ai ha −1 caused <1% injury and 9%, 21%, and 17% injury when applied 2 WPP at 1, 2, and 3 WAE in winter wheat, respectively (Table 4) . However, flumioxazin at 142.8 g ai ha −1 caused 1%, 5%, and 6% visible injury when applied 1 WPP and 32%, 53%, and 37% visible injury when applied 2 WPP at 1, 2, and 3 WAE in winter wheat, respectively (Table 4) . There was no statistical difference between flumioxazin application timing and winter wheat planting interval (1 vs. 2 WPP) on winter wheat injury evaluated near the first of May, June, and July of the following growing season and plant height and yield (Table 3) . Generally, as the rate of flumioxazin increased from 35.7 to 71.4 to 142.8 g ai ha −1 , there was an increase in winter wheat injury in May, June, and July of the following growing season, although results were not always statistically significant (Table 3) . Similar trends existed for plant height and seed yield reduction (Table 3) . In other studies, Sprague and Powell (2013) found as much as 25% visible injury in winter wheat from residues of flumioxazin applied in the fall of 2011. However, injury was transient and had no effect on final seed yield of winter wheat. Studies with other residual herbicides such as pendimethalin applied to lentils in the spring have shown to reduce winter wheat grain yield 11% to 17% at harvest time in the following year (Hanson and Thill 2001) . Additionally, pendimethalin applied at 1120 g ai ha −1 plus imazethapyr at 106 g ai ha −1 to lentil in the spring reduced winter wheat biomass as much as 24% (Hanson and Thill 2001) . Wicks et al. (1987) comparing 25 cultivars of winter wheat found as much as 25% reduction in grain yield of some winter wheat cultivars with pendimethalin plus metribuzin when applied within the same growing season. Based on this study, early-to mid-fall application of flumioxazin at registered rates for desiccation in dry bean causes minimal injury in winter wheat in the fall and on approximately the first of May, June, and July of the following year with no significant effect on winter wheat height, maturity (seed moisture content), and yield. However, late-fall application of flumioxazin at registered rates for desiccation in dry bean causes significant winter wheat injury in the fall and has potential to reduce winter height and yield. Therefore, flumioxazin applications for desiccation in dry beans have to be timed as early as possible to avoid injury to the succeeding winter wheat crop. 
